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ABSTRACT
In design of reinforced soil structures, pullout capacity of reinforcement in an
anchorage zone is an important parameter for stability analysis. This parameter
is generally quantified by conducting laboratory or field pullout tests. In the
laboratory pullout test, the reinforcement is embedded in the soil mass at a normal
stress, which is commonly applied by a pressurized airbag or a hydraulic jack
through a rigid plate, and then a horizontal tensile force is applied to the
reinforcement. This article reports an experimental study conducted to evaluate
the effect of the load application method using an airbag with and without stiff
wooden plates on the vertical stress distribution and the pullout capacities and
deformations of extensible (geogrid) and inextensible reinforcement (steel strip)
in the soil in a large pullout box. This study monitored the distributions of the
vertical earth pressures at the top and bottom of the soil mass in the pullout
box, and at the level of reinforcement using earth pressure cells. The measured
earth pressures show that the airbag with stiff plates resulted in a nonuniform
pressure distribution, whereas the tests with an airbag directly on the soil had an
approximately uniform pressure distribution. The nonuniform pressure distribution
resulting from the airbag with stiff plates reduced the pullout resistance of the
reinforcement as compared with that using the same airbag without stiff plates.
The nonuniform pressure distribution effect was more significant for narrow
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inextensible reinforcements than wide extensile reinforcements. The test results
also show that the displacements in the cross section of the same transverse bar
were not equal when the normal load was applied through stiff plates.
Keywords
displacement, geogrid, normal stress, pullout, steel strip
Introduction
In reinforced walls and slopes, failure may happen along a potential failure plane if it is not
well designed (Han and Leshchinsky 2006; Berg, Christopher, and Samtani 2009; Patra and
Shahu 2012; and Han 2015). This failure plane divides the wall or slope into two zones:
unstable and stable zones. The reinforcement may rupture or be pulled out from soil at the
front or rear as illustrated in Han (2015). Mobilization of tension in the reinforcement near
the potential failure plane is important for possible pullout failure of the reinforcement
(Ochiai et al. 1996; Sieira, Gerscovich, and Sayão 2009; Patra and Shahu 2012). The pullout
failure of the reinforcement is considered one of the controlling mechanisms for internal
instability of reinforced walls and slopes (Jayawickrama et al. 2014). Internal stability
analysis due to pullout failure is mainly aimed at assessing pullout resistance versus maxi-
mum tension in the reinforcement. The pullout resistance depends on length, geometry,
and surface roughness of reinforcement, soil properties, normal stress, and integrity of
facing elements. In the past, experimental pullout tests and numerical studies have been
carried out to investigate the soil-reinforcement interaction mechanisms and their influ-
ence factors (e.g., Madhav, Gurung, and Iwao, 1998; Palmeira 2004; Huang and Bathurst
2009; Sieira, Gerscovich, and Sayão 2009; Palmeira 2009; Ezzein and Bathurst 2014;
Sukmak et al. 2015; Weldu et al. 2015; Wang, Jacobs, and Ziegler 2016; Weldu et al.
2016; Zornberg, Roodi, and Gupta 2017; Roodi and Zornberg 2017).
The pullout test procedure includes preparation of the test specimen, application of
the normal pressure, and application of the pullout force (Jayawickrama et al. 2014).
ASTM D6706-01, Standard Test Method for Measuring Geosynthetic Pullout Resistance
in Soil, standardized the test method using pullout box equipment. A typical pullout box
is an open rigid box consisting of two smooth parallel sides, a back wall, a horizontal split
removable cap, a bottom plate, and a load transfer sleeve. The literature review on pullout
testing of extensible reinforcement (geogrids) and inextensible reinforcement (steel strips)
shows several limitations of the current pullout box equipment (e.g., Palmeira 2009). One
of the limitations is that the reinforcement and soil are not visible and so the pullout load
acting throughout the reinforcement can only be recorded at the test apparatus bounda-
ries, mostly at the front end of the specimen (Bathurst and Ezzein 2015). The relative soil-
reinforcement movement that occurs on the plane of the reinforcement cannot be deter-
mined quantitatively (Ezzein and Bathurst 2014). To overcome this limitation, researchers
have used strain gages or displacement transducers attached to the reinforcement (espe-
cially for geogrids) at different locations within the soil to find out their corresponding
local or global strains (e.g., Sieira, Gerscovich, and Sayão 2009; Jayawickrama et al. 2014;
Rahmaninezhad et al. 2016). Also, in some studies, X-ray radiography or computed
tomography scanners have been used to show the soil movement in small specimens
of reinforced soil (Otani et al. 2001; Sugimoto, Alagiyawanna, and Kadoguchi 2001).
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Another major issue with current pullout boxes is related to how a normal stress is
applied. Commonly, a normal stress is applied to the reinforced soil in the pullout box
to simulate the overburden pressure in the field. Therefore, the normal stress must be uni-
form and constant during the pullout test. ASTM D6706-01 recommends a flexible pneu-
matic or hydraulic diaphragm-loading device, which covers the whole area of the pullout box
to maintain a uniform normal stress. In many studies, an airbag was used to apply normal
stresses to the reinforced soil mass (e.g., Palmeira 2004; Teixeira, Bueno, and Zornberg 2007;
Nayeri and Fakharian 2009; Ezzein and Bathurst 2014; Weldu et al. 2016). To protect the
airbag from damage by aggregates, plates (e.g., steel plates or wooden plates) are placed
under the airbag (e.g., Lajevardi, Dias, and Racinais 2013; Lawson et al. 2013). In some
cases, however, a hydraulic jack was used to apply the normal stress through a rigid plate
(Abdelrahman, Ashmawy, and Abdelmoniem 2008; Abdi and Arjomand 2011). However,
Leshchinsky and Marcozzi (1990) pointed out that the stiffness of the foundations and the
type of the soil have effects on the distribution of the contact pressure. Therefore, it is im-
portant to evaluate the possible effect of plates under the airbag on the measured pullout
capacity of reinforcement in soil. Rahmaninezhad et al. (2016) conducted a preliminary
study illustrating the possible effect of the plates on the pullout capacity of the reinforcement.
In this article, an in-depth study was conducted to examine the stress distributions at differ-
ent normal loads applied by a flexible airbag with and without stiff plates. These distributions
weremeasured at three levels of the soil mass (at the top of the compacted reinforced soil, the
level of the reinforcement, and the bottom of the pullout box). In addition, the effects of
these methods of applying normal stresses on the pullout resistance of the extensible
reinforcement (uniaxial geogrid) and the inextensible reinforcement (steel strip) as well
as the deformation of the reinforcement were investigated.
Test Device and Materials
PULLOUT BOX
In this study, a pullout box was designed and fabricated in the Geotechnical Laboratory at
the University of Kansas in accordance with ASTM D6706-01 recommendations. The box
was made of steel and has inner dimensions measuring 1.5 m long, 0.6 m wide, and 0.6 m
high, which exceeds the minimum dimensions recommended by ASTM D6706-01. The
pullout box has a 0.045-m-high by 0.5-m-long slot on the front wall. To minimize the
arching effect during pullout tests, a 0.15-m-wide sleeve was fixed on the inner side of
the front wall, right above the slot. Also, the sleeve may reduce the influence of the
box front face (Palmeira 2009). Fig. 1 shows the pullout box after the fabrication.
MATERIALS
The laboratory pullout tests were carried out on extensible reinforcement (punched-drawn
uniaxial polypropylene (PP) geogrid modified from a biaxial geogrid) embedded in Kansas
River sand and inextensible reinforcement (ribbed steel strip) in crushed limestone aggre-
gate. Particle size distribution tests were conducted using ASTM D422, Standard Test
Method for Particle-Size Analysis of Soils. A standard direct shear test was used to deter-
mine the friction angle for the sand compacted at 70 % relative density. That test was
conducted according to ASTM D3080, Standard Test Method for Direct Shear Test of
Soils under Consolidated Drained Conditions.However, the friction angle for the aggregate
was determined using triaxial compression tests according to ASTM D7181, Standard Test
Method for Consolidated Drained Triaxial Compression Test for Soils. The minimum and
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maximum dry densities for both backfill materials were obtained by the index density
methods according to ASTM D4254, Standard Test Methods for Minimum Index
Density and Unit Weight of Soils and Calculation of Relative Density, and ASTM
D4253, Standard Test Methods for Maximum Index Density and Unit Weight of Soils
Using a Vibratory Table, respectively. Table 1 summarizes the physical properties, the
Unified Soil Classification System classification, and the angle of friction of the backfill
materials used in the pullout tests.
A uniaxial geogrid modified from a punched-drawn biaxial PP geogrid, as an exten-
sible reinforcement, was used in this experimental study. This geogrid was selected because
it has been adopted in our model tests and its in-air load-strain properties were determined
by a previous study (Xiao, Han, and Zhang 2016). Considering the fact that uniaxial geo-
grid is commonly used in reinforced walls or slopes, three transverse ribs (i.e., the cross-
machine direction ribs) of the biaxial geogrid were removed in every four ribs to create a
shape of uniaxial geogrid. Xiao, Han, and Zhang (2016) first adopted this modification,
and then Rahmaninezhad et al. (2016) and Kakrasul et al. (2016) used it in their model
studies. The longitudinal ribs (i.e., the machine direction ribs) and the transverse members
of the geogrid contribute to the total pullout resistance. In other words, the total pullout




Properties of backfill materials.
Property Kansas River Sand Crushed Aggregate
Coefficient of uniformity, Cu 3.18 14
Coefficient of curvature, Cc 0.93 2.57
USCS classification SP GW
Mean particle size, D50, mm 0.56 10
Minimum dry unit weight, kN/m3 16.0 14.9
Maximum dry unit weight, kN/m3 18.8 18.6
Angle of friction, ° 37 46
Note: USCS =Unified Soil Classification System.
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resistance of the transverse members (Tran, Meguid, and Chouinard 2013). Alagiyawanna
et al. (2001) found that removal of 75 % of the transverse ribs reduced the reinforcing effect
of the geogrid on the sand movement. Table 2 provides the properties of the biaxial geogrid.
In this study, one uniaxial geogrid that was 300 mm wide and 600 mm long was used in the
evaluation of vertical pressure distribution while another uniaxial geogrid specimen that was
370 mm wide and 765 mm long was used in the evaluation of pullout behavior. These geo-
grid samples before the removal of transverse ribs had an ultimate tensile strength of
12.4 kN/m in the machine direction and 19 kN/m in the cross-machine direction.
A galvanized ribbed steel strip as inextensible reinforcement was used in this study.
This strip reinforcement was 1,500 mm long, 50 mm wide, and 4 mm thick. It had
3-mm-high ribs on both the top and bottom faces to increase pullout resistance. The ef-
fective embedment length of the steel strip in the pullout box was 1.2 m.
INSTRUMENTATION
The instrumentation included a load cell, displacement transducers, pressure cells, a pres-
sure gauge, and a data acquisition system. An S-shaped load cell with a capacity of 50 kN
was used to measure the pullout force. Five displacement transducers were used to mea-
sure the displacements at the junctions of the geogrid. These transducers were connected
to the geogrid by steel rods that were extended from junctions out to the rear side of the
box. Similarly, two displacement transducers were used to measure the displacements at
the front and rear ends of the strip reinforcement. Strain gauge–type earth pressure cells
25 mm in diameter were installed to evaluate the normal stresses at different levels of the
soil mass. The capacities of these earth pressure cells were 200 and 500 kPa, respectively.
A pressure gauge was used to control the pressure applied to the airbag.
Test Procedure
The procedure for preparing a pullout test included filling half of the box with the backfill
material and compaction, placement of the reinforcement, installation of sensors and con-
nection to the data acquisition system, and continuous filling of the box with the remain-
ing backfill. The backfill material was placed into the box in two layers, and each layer was
compacted until the minimum relative density of 70 % was achieved. The effect of com-
paction on the reinforced sand for reduced-scale models was discussed in Rahmaninezhad,
Yasrobi, and Eftekharzadeh (2009). The geogrid or steel strip was embedded in the middle
of the backfill height (i.e., at the same elevation of the clamp), and attached to the pullout
load assembly. Because the connection between the hydraulic jack and the clamp was rel-
atively rigid, the pullout force was applied horizontally. Moreover, the clamp was placed
TABLE 2
Properties of the biaxial geogrid (provided by the manufacturer).
Index Properties MD XMD
Aperture dimensions, mm 25 33
Minimum rib thickness, mm 0.76 0.76
Tensile strength at 2 % strain, kN/m 4.1 6.6
Tensile strength at 5 % strain, kN/m 8.5 13.4
Ultimate tensile strength, kN/m 12.4 19
Note: MD=machine direction; XMD = cross-machine direction.
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between the sleeves, which prevented the rotation of the clamp. Finally, all the sensors, in-
cluding the displacement transducers, the earth pressure cells, the load cell, and the pressure
gauge, were installed at their desired locations. Normal stress was applied with a pressurized
airbag placed on the top of the compacted backfill. This airbag allowed soil dilation or con-
traction during pullout testing and maintained a constant normal stress. To simulate the
reinforcement at different elevations of a wall in the field, three normal stresses were selected
for each reinforcement type. In some tests, five wood plates that were 0.58 m long, 0.29 m
wide, and 0.05 m thick were placed on top of the compacted backfill, one next to another,
before the placement of the airbag. Once the whole pullout test setup was completed, all
sensors were activated to allow the data acquisition system to start recording. After the nor-
mal stress distribution throughout the soil mass became stable, the pullout load was applied
using a double-acting hydraulic jack. Fig. 2 shows the schematic view of the cross sections of
the pullout box, in which one did not have stiff wood plates and the other did.
Test Results
DISTRIBUTION OF NORMAL STRESS
In this study, 21 earth pressure cells were used to examine the distributions of the vertical
pressures at the top and the bottom of the soil mass and at the level of the reinforcement in
the pullout box. Fig. 3 illustrates the arrangement of the earth pressure cells on the top of
the reinforced soil mass. The variations of the measured vertical pressures under different
normal stresses across the box width (axis A-A) and the box length (axis B-B) are shown in
Figs. 4 and 5, respectively. The measured vertical pressures presented in these figures
are the additional vertical stresses induced by the applied normal pressures. In these two
figures, it was assumed that the distributions of the vertical pressures across the box width
(i.e., the transversal section) were symmetric. Fig. 4a shows that when the airbag was used
without stiff plates, the vertical pressure concentrated in the middle of the box. On the
FIG. 2
Schematic view of the cross
sections of the pullout box with
(a) the airbag on the soil and
(b) the airbag on the stiff wood
plates.
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other hand, when the normal stress was applied by the airbag with stiff plates, the maxi-
mum measured vertical pressures were close to the sides of the box (Fig. 4b). Likewise, on
the longitudinal section of the box (i.e., the axis B-B), when the airbag was used without
any stiff plates, the measured maximum vertical pressures were higher than those using the
stiff plates as shown in Fig. 5a and b. However, Figs. 4 and 5 imply that the application of
the normal load by the airbag without any stiff plates (as a flexible diaphragm) resulted in a
more uniform pressure distribution than that by the airbag with stiff plates.
FIG. 3
The arrangement of the earth
pressure cells on top of the soil
mass.
FIG. 4 Variations of the measured vertical pressures on top of the soil and across the box width (axis A-A) under different normal
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Sugimoto, Alagiyawanna, and Kadoguchi (2001) and Palmeira (2009) found that the
conditions of the frontal face of the pullout box might have a noticeable effect on the
pullout behavior of the reinforcement. Researchers suggested using a lubricated frontal
or movable/flexible frontal face, or both, with a sleeve, to keep the reinforcement distant
from the front wall of the pullout box (e.g., Wilson-Fahmy, Koerner, and Sansone 1994;
Perkins and Cuelho 1999; Sugimoto, Alagiyawanna, and Kadoguchi 2001; Palmeira 2009).
Palmeira (2009) found that the use of a sleeve yielded the maximum pullout resistance that
was higher than that observed in the case of using a lubricated frontal face. It appears that
the sleeve had less influence on the pullout test result than the box frontal wall; however,
the sleeve still changed the uniformity of the distribution of the vertical pressure near the
front of the box as shown in Fig. 5a. The result indicates that the measured vertical pres-
sure behind the sleeve was consistently lower than the applied normal stress. This finding
is consistent with that by Bathurst et al. (2001) on the vertical load transfer from the soil to
the rigid sleeve.
FIG. 5 Variations of the measured vertical pressures on top of the soil and across the box length (axis B-B) under the normal stresses
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FIG. 6
The layout of the earth pressure
cells on the bottom of the soil
mass.
FIG. 7 Variations of the measured vertical pressures on the bottom of the box under different normal stresses applied by the airbag
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Fig. 6 shows the layout of the earth pressure cells on the bottom of the box. Fig. 7a
and b shows the variations of the measured vertical pressures along the box width (i.e., the
axis C-C) and length (i.e., the axis D-D), respectively, under different normal stresses ap-
plied by the airbag without any stiff plates. The maximum measured normal pressures on
the bottom of the box happened in the center of the transverse section of the box. In the
longitudinal section, the maximum vertical pressures were also in the center (Fig. 7b). On
the top of the soil mass, however, the maximum vertical pressures happened near the front
of the box (Fig. 5a).
Fig. 8 shows the layout of the earth pressure cells and the telltales on the level of the
geogrid that was 300 mm wide and 600 mm long. The earth pressure cells were placed to
determine the distribution of vertical pressures, while the telltales were fixed on the junc-
tions of the geogrid following ASTM D6706-01 to determine the displacements of the
geogrid along its length. The detail of the telltale measurements will be discussed later
in this article. Fig. 9a shows the variations of the vertical pressures along the F-F section
under different normal stresses applied by the airbag without any stiff plates. The
FIG. 8 Layout of the geogrid, the earth pressure cells, and the telltales.
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concentration of the vertical pressures was on the center of the transverse section of the
box, on the level of the reinforcement. Fig. 9b displays the variations of the measured
vertical pressures along the E-E section under different normal stresses applied by the
airbag without any stiff plates. These distributions were measured just along the length
of the geogrid. In some research (e.g., Jayawickrama et al. 2014; Wang, Jacobs, and Ziegler
2016), one or two earth pressure cells were placed along the central line of the pullout
box under the airbag or stiff plates. Based on this study, the distribution of the vertical
pressures along the centerline may not reflect the actual distribution of the vertical
pressures.
PULLOUT RESISTANCE OF REINFORCEMENT
Pullout tests were carried out in this study to evaluate the effects of two different methods of
applying the normal stress on the pullout resistance of the uniaxial geogrid and the ribbed
steel strip embedded in the soil. In the geogrid tests, 370-mm-wide and 765-mm-long
geogrids were used. Fig. 10 presents the pullout test results of the geogrids with two different
FIG. 9 Variations of the measured vertical pressures along the geogrid under different normal stresses applied by the airbag without
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methods of applying the normal stress. These figures show that at the normal stress of
10 kPa applied by the airbag without and with stiff plates, the pullout forces were 15.87 and
11.11 kN/m, respectively, at the front displacement of 20 mm. Also, at the normal stress of
7 kPa applied by the airbag without and with stiff plates, the pullout forces were 9.32 and
7.47 kN/m, respectively, at the same front displacement (20 mm). Therefore, the pullout
resistance of the geogrid under the airbag without any stiff plates was higher than that under
the airbag with stiff plates. Under the normal stresses of 10, 7, and 3.5 kPa, the pullout
resistance values of the geogrid when the airbag was used with stiff plates were 30, 20,
and 3 %, respectively, lower than those measured without stiff plates. Evidently, at the
low normal stress, there was a minor difference between the pullout resistances using these
two different loading methods.
Fig. 11 shows that the strip reinforcement was embedded in the middle of the gravel
and attached to the pullout load assembly. Fig. 12 shows the results of the pullout
FIG. 10 Pullout force versus displacement of the geogrid under normal stresses applied by (a) the airbag without stiff plates and
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FIG. 11
Ribbed steel strip placed in the
box.
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resistance of the ribbed steel strip reinforcement. The pullout resistance when the normal
stress was applied by the airbag without stiff plates was higher than that with stiff plates.
Under the normal pressures of 140, 70, and 25 kPa, the pullout resistance values when the
airbag was used with stiff plates were 45, 62, and 65 % lower than those without stiff plates,
respectively. As discussed earlier, in the center of the box there was the concentration of
the normal stress applied by the airbag without stiff plates, while there was the reduction
of the normal stress by the airbag with stiff plate. The pullout resistance of the steel strip
was higher when no stiff plate was used than when stiff plates were used. When these
results are compared to those of the geogrid, it can be concluded that these loading meth-
ods had a more significant effect on the pullout resistance of the narrow reinforcement
(i.e., the steel strip) than the wide reinforcement (i.e., the geogrid).
DISPLACEMENT AND STRAIN OF GEOGRID
To investigate the effect of these two different methods of applying the normal stress on
the deformation of the geogrid, two tests were conducted by attaching five telltale rods on
the junctions of one transverse rib as shown in Fig. 13. Fig. 14 shows the measured dis-
placements at these junctions under different pullout forces when a normal stress of 10 kPa
was applied using the airbag without and with stiff plates. Fig. 14a shows that the displace-
ments of the geogrid at the junctions were nearly uniform because the airbag without stiff
plates generated the nearly uniform distribution of the vertical pressures in the center of
the box as shown in Figs. 14a and 9a.
Fig. 14b shows that when the stiff plates were used, the maximum displacement at the
junctions of the geogrid occurred in the middle of the longitudinal ribs, and the minimum
displacements at the junctions occurred near the sides of the box. This result can be ex-
plained based on the distribution of the vertical pressures in the transverse section of the
box as shown in Fig. 4b, i.e., the lowest vertical pressure at the center and the highest
vertical pressure at the edges of the box.
Fig. 14 shows that the measured displacements along the transverse bar of the geogrid
were different. However, most researchers have placed the telltales on the junctions of
FIG. 12 Pullout force versus displacement of the ribbed steel strip under different normal stresses applied by (a) the airbag without
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the geogrid along the longitudinal direction with an offset in the transverse direction
(e.g., Nayeri and Fakharian 2009; Ferreira and Zornberg 2015; Wang, Jacobs, and Ziegler
2016). This arrangement of telltales may result in misleading displacement results that
yield inaccurate calculations of tensile strains in the geogrid.
FIG. 13
Telltale rods attached on the
junctions of the transverse rib.
FIG. 14 Displacements of the junctions on the transverse rib under different applied pullout forces under the normal stress of 10 kPa by
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Conclusions
The objective of this study was to evaluate the effects of the stiff plates under the airbag on
the distributions of the vertical stresses, the pullout capacities, and the displacements of the
reinforcement in the pullout tests. To achieve this objective, several large-scale pullout tests
were conducted, in which the geogrid and the ribbed steel strip were placed within the soil
mass. The following conclusions and recommendations can be made based on this exper-
imental study:
(1) When the normal stresses were applied by the airbag without stiff plates, the mea-
sured maximum vertical pressures in the transverse direction on top of the soil
mass occurred in the middle of the pullout box. However, in the case of the airbag
with stiff plates, the maximum vertical pressures in the transverse direction were
measured near the edges of the box.
(2) When the normal stress was applied by the airbag without the stiff plates, the dis-
tribution of the vertical pressures along the centerline in the longitudinal direction
on top of the soil mass was more uniform, and the measured maximum vertical
pressure was higher than that which was measured by the airbag on the stiff plates.
Although the sleeve minimized the effect of the box front face, it still changed the
uniformity of the distribution of the vertical pressure in front of the box.
(3) The maximum vertical pressure on the bottom of the box under the normal stresses
applied by the airbag without stiff plates occurred in the middle of the box.
(4) When the normal stress was applied by the airbag without any stiff plates, the maxi-
mum vertical pressures at the level of the reinforcement in the transverse and longi-
tudinal sections were in the middle and close to the front of the box, respectively.
(5) Because of the difference in the distribution of the vertical pressures, the pullout
resistance of the geogrid under the normal stresses applied by the airbag without
stiff plates was higher than that by the airbag with stiff plates. With the increase of
the normal stress, their difference in the pullout resistance increased.
(6) Because of the difference in the distribution of the vertical pressures and the narrow
steel strip, the pullout resistance of the steel strip under the normal stresses applied by
the airbag without stiff plates was much higher than that with stiff plates. The com-
parison also showed that the stiff plates under the airbag had a more significant effect
on the pullout resistance for the narrow steel strips than that for the wide geogrid.
(7) When the normal stress was applied by the airbag without stiff plates, the displace-
ments at the transverse bar of the geogrid were approximately uniform. When the
stiff plates were used, however, the low vertical pressures in the central zone of the
box led to the maximum displacement of the geogrid at that location.
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